Introduction

45
The proportion of post harvest losses of fruits and vegetables has been conservatively estimated 46 as being of the order of 20 % in developed countries (Wilson and Wisniewski, 1989; Dal Bello et 47 al., 2008) and as high as 50% in developing countries (Wilson and Wisniewski, 1989) . Whilst 48 these estimates conceal geographic, crop-specific and other variations, such levels of losses can 49 no longer be accepted as inevitable, or indeed sustainable, when viewed in terms of the scarce 50 resources needlessly consumed at a time when the world's demand for food is failing to be met.
51
One proposal that is attracting attention for increasing the shelf life of horticultural 52 commodities, and hence reducing food wastage, is the application of low doses of shortwave 53 ultraviolet light (UV-C). This form of treatment has been referred to as 'hormetic' i.e. providing 54 beneficial outcome from an agent (UV-C in this case) that at high doses can prove detrimental 55 (Calabrese and Blain, 2009 ). This type of application needs to be differentiated from the more 56 conventional application of UV-C conducted to directly inactivate micro-organisms present at, 57 or near, the surface of the horticultural commodities. Hormetic treatment is intended to result in 58 the induction of anti-microbial plant metabolites that occurs over a period of time following the 59 application of UV-C treatment (Shama, 1999) . The potential that hormetic UV-C treatment 60 holds for the horticultural sector has recently been reviewed (Shama and Alderson, 2005) , and 61 one benefit in particular is that decreased reliance would be placed on exogenously applied 62 chemical agents such as fungicides (Escalona et al., 2010) .
63
Optimal UV-C doses are typically obtained as a result of experimental studies conducted at a 64 small scale and often, by the treatment of individual commodities -typically fruit. Because, as 65 inferred above, UV-C has the potential to damage plant tissue at sufficiently high doses, it is 66 important to be able to accurately deliver doses that have been experimentally found to elicit 67 hormetic effects. Such considerations would be crucial in commercializing UV-C treatment 68 (Shama, 2007) . However, it is first necessary to investigate whether the modes by which fruit have been treated in previous experimental studies are all equivalent. In the majority of previous studies workers have attempted to ensure that the entire surface of the fruit receives exposure to 71 UV-C by manually rotating the fruit 2 or 4 times. In such cases the dose delivered to each 'side' 72 of the fruit is reduced in direct proportion to the number of times it is rotated (Stevens et al., 73 2005; Charles et al., 2008; Yang et al., 2009) . However, in none of these studies were surface 74 dose distributions experimentally determined.
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One method of achieving this is through the application of spore dosimetry (Tyrrell, 1978 radiation. In the work described here we examine whether spore dosimetry can be used to 83 estimate the doses of UV-C delivered to the surface of a polystyrene sphere under conditions of 84 exposure designed to emulate those mentioned above that have been used in laboratory studies 85 with fruit. Manual rotation of fruit would obviously not constitute a viable commercial method 86 of treatment, and therefore we extended our investigation to include one method (mechanical 87 rotation) that could potentially enable different types of produce to be irradiated with UV-C 88 ensuring both that consistent doses are achieved and that the dose distribution is relatively even 89 over the surface of the produce. In all cases the integrated UV-C dose was estimated by attaching 90 membranes onto which spores of B. subtilis had been deposited at various points on the surface 91 of the sphere, and these are compared with computed estimates of doses. 
Materials and methods
UV Apparatus
95
The apparatus used for irradiating polystyrene spheres with UV is shown in Figure 1 
Estimating the Total UV-C Dose Delivered to Spheres by Measuring Spore Survival
138
Figure 2b depicts a sphere within a UV-C field; if a spherical segment has an area dA then the 139 energy falling on the surface of the segment is given by:
where D(y) is a function denoting the variation of UV-C dose at the surface. Substituting the 142 area of a segment of thickness dy into equation (1) gives:
Because the object in the UV-C field is a sphere, the function x(y) may readily be computed. The 145 total UV-C energy falling on the sphere is obtained by integrating (1):
In the work conducted here the dose was determined using spore dosimetry at points 1-5. D(y)
148
was obtained by fitting a polynomial function to the experimental points. 
Theoretical Estimation of the Total UV-C Dose Delivered to Spheres
150
Knowledge of the UV-C intensity at any point on the sphere enables the intensity at any other 151 point to be calculated using the inverse square law:
Where I 1 is the intensity at distance y 1 from the UV-C source and I 2 is the intensity at distance y 2 153 from the source and θ is the orientation of a tangent drawn at the surface of the segment with 154 the x-axis.
155
In the work reported here the sphere was divided into 5 segments and I 1 (3.1 mW/cm 2 ) was 156 measured using a UV-C radiometer. 
Statistical Analysis
158
Analysis of variance (ANOVA) was carried out using commercially available software
159
(SIGMAPLOT 11; Systat Software Inc., San Jose, USA) on all experimental determinations of 160 delivered UV-C doses.
Results and discussion
162
The dose response curve for spores of B. subtilis is shown in Figure 3 . Using this figure the 163 measured log reductions in spore viability were 'translated' into UV-C doses expressed as 164 mJ/cm 2 .
165 Table 1 and is depicted in Figure 4 . As expected, rotation of the sphere in the UV-C field four times 182 results in the most even dose distribution.
183
Good agreement with the theoretically-derived total dose is obtained from the spore dosimetry 184 experiments when the sphere was irradiated either once or twice (Table 2) . However, for the case of four rotations the method employed here gave a total dose of only 6.1 J -considerably below 
193
In experiments conducted using the mechanical rollers it was observed that although the weight (Table 3) , that is along the axis of rotation, but the total dose delivered was 8.9 J which 206 represents only a relatively small reduction compared to the case above for a single sphere.
207
The case of the sphere given 4 exposures to UV-C and the spheres rotated on the rollers are 208 similar in that the spores located on the membranes were subject to, in the first case, as pointed 209 out above, 2 exposures to the UV-C source separated by a short time interval, and in the latter case multiple exposures separated by somewhat shorter time intervals. The effects of intermittent exposure to UV-C on microbial inactivation have previously been studied. Harm (1980) found 212 that survival in such instances was greater than if the dose were delivered in a single exposure.
213
This was attributed to the operation of DNA repair mechanisms during those intervals when the 214 microbial cells were not actually exposed to UV-C. Significantly, spores of B. subtilis are known 215 to possess the facility for repairing UV-C induced damage (Slieman and Nicholson, 2000) .
216
This phenomenon constitutes in effect a limitation to the application of spore dosimetry for UV- exposure. The reluctance to give total doses stems from the fact that whilst it is possible to 231 calculate the total dose delivered for objects of regular geometry, horticultural produce rarely 232 conforms to this mathematical convenience. Notwithstanding, certain fruits such as apples,
233
tomatoes, citrus fruit and peaches could be considered to a first approximation as perfect 234 spheres. Calculating the total UV-C dose delivered to a head of broccoli would prove more challenging, whilst calculating the dose delivered to a bunch of grapes would require a 236 considerably greater mathematical effort. Irrespective of this, the methods described here should 237 permit delivered doses to be measured when objects of irregular geometry -i.e. fruits and 238 vegetables -are exposed to sources of UV-C.
240
The issue of whether it is even necessary to irradiate the entire surface of horticultural products threshold UV-C dose for eliciting the plant response was being achieved over the entire surface.
248
On the other hand, Stevens et al., (2005) showed that for apples, peaches and tangerines the 249 greatest resistance to a variety of mould-induced rots were obtained by delivery of the UV-C 250 dose at the stem end of the fruit without rotation. It may turn out that whether or not full 251 surface exposure to UV-C is necessary may be dependent on the type of produce and it is 252 evident that further studies are required to determine this. 'Single exposure' denotes that the sphere was irradiated by the UV-C source for 80s; 'Two Exposures' that the sphere was irradiated for 40 s, rotated through 180 ° and irradiated for a further 40 s; 'Four exposures' that the sphere was irradiated for 20 s and rotated through 90 ° and that this was repeated a further 3 times.
1 Experimentally determined UV dose values with percentage errors from dose response plot (Figure 3) Within the same column dose values bearing different subscripted letters are significantly different (P ≤ 0.05) Table 3 : UV-C Doses 1 Delivered to a Sphere Rotated at 10 rpm under Different Conditions.
The notation "Single Sphere" indicates that only one sphere was present on the roller assembly during treatment, whereas "Sphere with Neighbours" denotes that blank spheres were placed either side of the test sphere. 
